A novel speed servo control approach for the elevator door driving system is proposed to improve the performance. The control approach includes a current loop and a speed loop. The fuzzy logic controller is utilized in the speed loop, where the logic rules are designed and parameters are adjusted based on ant colony optimization (ACO). In the current loop, a hysteresis controller is used to limit the phase current with a preset hysteresis band. Moreover, a load torque observer is used to enhance the robustness against disturbances of the servo system with varying motor parameters and external load variation. The simulation and experimental results have shown the feasibility of the proposed control method.
Introduction
The advantages of a brushless DC motor include big starting torque, high efficiency, less electrical noise without sparkle, simple implementation, and low cost. Consequently, it has been widely used in many servo applications, such as aerospace, robotics, machine tools, electric vehicles, chemical industries, and so on [1] - [2] . Also, new advanced control algorithm and novel motor structure have been proposed to reduce the torque ripple, and enhance the servo control performance of the brushless DC motor in recent years [3] - [4] .The design of fuzzy Control of electrical motor has been optimized with neural networks, genetic algorithm (GA), ACO and other optimization algorithms to enhance the motor servo control system performance in many works [5] - [6] .
In this paper, an ACO based fuzzy controller with a load observer is proposed for the sensorless control of the elevator door driven by the brushless DC motor. In contrast to the previous work [7] , the speed reference model is abolished to reduce the cost and complexity of the system, and to lessen the effect from inaccurate modeling of the motor. A simple load observer is introduced to enhance the anti-disturbance ability of the control approach. The membership function of the fuzzy controller is optimized by a variant of the ACO algorithm.
BLDCM Servo System
Brushless DC motors are usually used to drive the elevator doors due to their low noises and high efficiencies. The sensorless control scheme for brushless DC motors makes the cost of the controller more competitive. Fig. 1 shows a typical elevator door control system through a brushless DC motor. The three phase voltage equations of the non-salient brushless DC motor can be represented in a matrix form as This model is useful in the control of brushless DC motors whether with or without hall sensors. Fig. 2 shows the block diagram of the configuration of fuzzy control system for the brushless DC motor, which consists of two closed loops. The inner loop is the current hysteresis controller, which maintains the current at a certain level and ensures the stability of the servo system. The major advantage of the hysteretic controller is that it does not require the machine parameters to be known and presents fast load transient response ability. The commutations are obtained by comparing actual current i a,b,c to a rectangular reference i* a,b,c and by keeping them in a hysteresis band ΔI b.
n Fig. 2 . Configuration of ACO based fuzzy control system for brushless DC motor. The outer loop is designed to improve the static and dynamic characteristics of the brushless DC motor servo control system, where the fuzzy control is used. To make the fuzzy controller adapt to different operating conditions, the coefficients of the controller are tuned by the fuzzy rules automatically, which are optimized by the ACS algorithm. Also, the load observer for constant load and step load is built to enhance the robustness against disturbance of the proposed controller. For the zero-crossing points of the line back EMF e AC , e BA and e CB are exactly the commutation points of the motor, the line-line back-EMF based sensorless control are used in this paper. At zero speed, the rotor is initially placed in a known position by injecting a certain DC current. Then the motor is operating in open loop up to a given minimum speed where back EMF is reliable. At this point, a jump to line back EMF based sensorless control takes place.
Design of ACO Based Fuzzy Controller
Fuzzy Control. In Fig. 2 , the speed error and its time derivative have been used as inputs of the fuzzy logic speed controller. These two input variables e (speed error) and ec (change in error) are calculated at each sampling period as * ()()() ()()(1)
where n * (k) is the reference speed at sampling period k, and n(k) is the actual estimated rotor speed at the same sampling period. Table 1 shows the fuzzy rules which are optimized through the ACO method. Through the optimization, 7 standard fuzzy sets are simplified as 5 fuzzy sets, and the standard 49 fuzzy rules are reduced to 25 rules including the 3 eliminated ones. When the corresponding rule of R i is eliminated, the input edge of the R i will be connected directly to the nodes which belong to the next rule R i+1 . Table 1 The Linguistic Rules after ACO Optimization
Load observer. Considering the variable and unknown load torque, the inertia and friction coefficient in the elevator door motor control system are presented as
where J 0 and B v0 is the nominal value of J and B v respectively.
Thus the mechanical equation of the brushless DC motor can be obtained as
where T d is the unknown load disturb torque.
Thus, the observer can be applied for the control of an elevator door, which can be expressed as
, and 1 L is the observer gain with a value of -0.0157.
Experimental results
This system is applied to the elevator door control. A trapezoid curve is used as the speed reference to simulate the speed-distance characteristic.
In order to further test the effectiveness of the proposed control scheme, the new ACO based fuzzy controller is implemented by using TI's TMS320LF2407A DSP. The execution time of the DSP to perform all the control actions and calculations is about 60μs. The memory requirement for the offline lookup table is 10KB. Fig. 3 shows the experimental results of the motor speed step response for the new ACO based fuzzy controller, when the reference speed is set to 500r/min and 3000r/min respectively. In contrast to the results in [7] , Fig. 3 shows that the new proposed controller provides a less overshoot and a better response capability. Fig. 4 depicts the corresponding steady-state waveform of the line voltages U AB and U AC . The working conditions for motor are n * =500r/min, T L =0.4N·m and n * =3000r/min, T L =0.4N·m respectively in Fig. 3(a) , Fig. 4(a) and Fig. 3(b 
Conclusion
This paper has proposed an ACO based fuzzy controller to the brushless DC motor servo system. The fuzzy rules are optimized offline, while the parameters of the fuzzy controller are tuned online. The membership functions of the controller have been optimized by the ACS algorithm. Combined with the linear load observer, the comprehensive performance is enhanced. Its adaptability has been verified by the experimental results.
